In order to maintain tissue homeostasis and functionality, adherent cells need to sense and respond to environmental mechanical stimuli. An important ability that adherent cells need in order to properly sense and respond to mechanical stimuli is the ability to exert contractile stress onto the environment via actin stress fibers. The actin stress fibers form a structural chain between the cells' environment via focal adhesions and the nucleus via the nuclear lamina. In case one of the links in this chain is missing or aberrant, contractile stress generation will be affected. This is especially the case in laminopathic cells, which have a missing or mutated form of the LMNA gene encoding for part of the nuclear lamina.
Introduction
In vivo, adherent cells experience a wide variety of environmental stimuli, including biochemical and mechanical stimuli. These stimuli need to be translated into proper cellular responses in order to maintain tissue homeostasis and functionality. noticeable in tissues that are prone to high levels of mechanical stress under physiological conditions, such as muscle or cardiovascular tissue. Leading studies investigating Lmna knockout mouse embryonic fibroblasts (Lmna À/À MEFs or shorter MEF À/À ) have shown these cells to be more compliant, 9, 10, 17 to have a defective force transduction between the cytoskeleton and the nucleus 18 and to have a disturbed migratory behavior. 9, 12, 19 To complement these studies on mechanical functioning of Lmna knockout MEFs, we recently reported that Lmna À/À MEFs did not
show the typical strain avoidance response seen in adherent cells when subjected to cyclic mechanical strain (reorientation towards the direction perpendicular to the strain). 16 Interestingly, however, the cells showed intact anisotropy sensing, as they aligned along the major axis of the elliptical microposts on which they were seeded. Quantitative analysis of actin indicated that Lmna À/À and wild-type MEFs contained similar amounts of actin, however, with different organizations. While wild-type MEFs showed abundant actin cap (actin stress fibers running on top of the nucleus, bridging between the nucleus and environment 20 ) and basal actin fibers (actin fibers running underneath the nucleus), Lmna À/À MEFs had an intact basal layer, but a defective actin cap, likely causing the disturbed strain avoidance behavior. Actin stress fibers provide cells the ability to exert contractile stress onto their environment in order to, e.g., migrate or (re)orient in response to cyclic mechanical strain. As such, the presence of the stress fibers' contractile elements (actin and phosphorylated myosin light chain II) is an important prerequisite for proper mechanical functioning of the cell; although presence of contractile elements does not necessarily ensure proper functionality. In order to efficiently apply contractile stress onto their surroundings, cells need a well-organized actin stress fiber network, as well as thick actin bundles with myosin II and a-actinin. 21 Several studies investigating contractile cells, like (cardio)myocytes, [22] [23] [24] have indeed shown that laminopathies affect the contractile potential of these cells and thus the contractility of the complete muscular tissue. However, in fibroblasts, possessing structurally different contractile elements, no solid proof for this has been provided. Therefore, in this study, we investigated the difference in contractile stress generation and actin stress fiber organization (i.a. situated in the actin cap) between Lmna À/À MEFs and their wild-type counterparts using a quantitative approach. To test this, Lmna À/À MEFs and wildtype MEFs (Lmna +/+ MEFs or shorter MEF +/+ ) were cultured on thin PDMS (polydimethylsiloxane) films that were functionalized with parallel fibronectin lines to attain cellular alignment. 8 Next to this, thin films were functionalized with perpendicular fibronectin lines, leading to a random cell orientation. Thereafter, cellular contractile stress development was assessed using the thin film method described previously [25] [26] [27] and quantified by sample specific finite element modeling. 8 The influence of Lmna knockout on the structural organization of the actin stress fibers was examined both (semi-)quantitatively and qualitatively by means of immunofluorescence. The experiments were repeated in the presence of latrunculin B, an inhibitor of actin polymerization, to confirm the influence of stress fiber organization on contractile stress generation in fibroblasts.
Materials and methods

Construct fabrication and functionalization
Thin film constructs, consisting of a 25 mm diameter glass cover slip coated with poly-N-isopropylacrylamide (pIPAAm; Sigma, Zwijndrecht, The Netherlands) and subsequently PDMS (Sylgard 184; Dow Corning, Aubum, MI), were fabricated as described previously. 8 Constructs were created with different PDMS thicknesses to account for the difference in contractile stress generation between the different cell types and monolayer organizations (17-20 samples per group). 8 The thin film constructs were functionalized by micro-contact printing 50 mg mL À1 rhodamine fibronectin (Cytoskeleton, Denver, CO), 8 promoting fibroblast adhesion and growth. 28, 29 The rhodamine fibronectin was micro-contact printed as either 10 mm wide parallel lines with 10 mm spacing in the direction of the 01-axis (parallel substrate) or as a fishnet pattern of 5 mm wide lines with 10 mm spacing at an angle of AE451 with respect to the 01-axis (perpendicular substrate). 8 The 01-axis was positioned such that it coincided with the long axis of the to-becut films.
Cell seeding and culture
Lmna +/+ and Lmna À/À MEFs were seeded onto the thin film constructs at a seeding density of 15 600 cells per cm 2 and 21 000 cells per cm 2 , respectively, to correct for differences in cell size, cell growth and adherence. As a result, both cell types reached confluency at the start of the experiments. The MEFs were cultured in growth medium at 37 1C and 5% CO 2 for two days. The growth medium consisted of DMEM (Invitrogen, Breda, The Netherlands) supplemented with 10% Fetal Bovine Serum (Greiner Bio-One, Frickenhausen, Germany) and 1% penicillin/ streptomycin (Lonza, Basel, Switzerland).
Contractile stress measurement assay
For 5-8 samples per group, the contractile stress exerted by the monolayer was measured as described previously (Fig. 1) . 8 In brief, samples were stained with Hoechst (Invitrogen) for 15 minutes in order to determine cell density, nuclear orientation, and aspect ratio of the nuclei on each film. Subsequently, the samples were transferred to a petri dish with preheated (37 1C) growth medium and the long edges of eight rectangular films were cut. The construct was thereafter imaged with confocal microscopy (TCS SP5X; Leica) in a temperature-and CO 2 -controlled environment. Finally, the ends of the rectangular films were cut and the PDMS films released from their glass substrate due to contractile stress generation (n = 35-58 films per group). A custom Matlab script was used to determine the initial curvature (0 h) and the equilibrium curvature (1 h) of the films from pictures taken with a stereomicroscope (Discovery.V8; Zeiss).
In-between the time points, the samples were maintained at 37 1C and 5% CO 2 .
Contractile stress analysis
In correspondence with our previous work, 8 a sample-specific, double-layered finite element mesh (200 quadratic brick elements per layer) was created in Abaqus (Dassault Systèmes Simulia Corp., Providence, RI) using the parameters in Table 1 . The bottom layer represented the PDMS layer of the thin films and was assigned with compressible Neo-Hookean material properties:
With Cauchy stress tensor r p , shear modulus
Here, E represents the Young's modulus, n the Poisson ratio, and F the deformation gradient tensor. The top layer of the model represented the cell monolayer and consisted of an active fibrous component (r ca ) and a passive, compressible Neo-Hookean component (r cp ; eqn (1) with r cp instead of r p , using the cell parameters from Table 1 ) representing, respectively, the actin stress fibers and the other cellular components. The total cell stress r c was calculated via r c = r cp + r ca , with r ca :
where s max is a measure for the intrinsic contractile cell stress,
sf is the stress fiber direction in the deformed configuration, and j i sf the actin fiber volume fraction for angle i as obtained from the fluorescent images (see below). s max was iteratively increased until the curvature of the finite element models matched the experimentally obtained curvature. The curvature of the finite element model could not always match the experimentally obtained curvature due to convergence issues caused by high deformations of the model. We hypothesized that the samples with a high curvature obtained this curvature due to their high cell density. Therefore, the cell density was statistically compared between the samples that could and could not be analyzed. Since it is not clear what exact type of relationship exists between s max and cell density, and the aim of this study is to compare the stress generation between cell types, we treated the data as being linearly related. Therefore, in order to compare the intrinsic contractile stress between cell types and substrate organizations, s max was normalized (s norm ) by dividing it by the cell density.
Immunofluorescence
After culture, four samples per staining per group (Fig. 1) were fixed with 3.7% formaldehyde (Merck, Schiphol-Rijk, The Netherlands) in PBS for 15 minutes at room temperature. The cells were subsequently permeabilized, blocked against nonspecific binding, and stained for either phosphorylated myosin light chain II and actin, a-actinin 4 and actin, or lamin B1. Actin was stained with phalloidin-Atto 488 (Sigma). The other 
Quantification of actin fiber and nuclear organization
Fluorescence microscopy images at 20 times magnification were analyzed using custom Matlab scripts to determine the actin fiber and nuclear orientation as described previously. 8, 30, 31 In brief, the local Hessian matrix was determined on multiple scales and the probability of a pixel containing (part of an) actin fiber was calculated by means of the Frangi Vesselness. 32 The direction of the largest eigenvector of the Hessian matrix of each pixel with a high Frangi Vesselness (40.9995) was calculated to identify the local actin fiber orientation. This resulted in an actin fiber distribution for each image (40 images per group), which was subsequently characterized by fitting the following curve:
with j i sf the actin stress fiber volume fraction per angle i, m the main fiber direction, g the fiber angle, s the fiber dispersity, A a scaling factor, and c an offset. These parameters were used as input for the finite element model (Table 1) .
Furthermore, the percentage of pixels with a high Frangi Vesselness was calculated compared to the total number of pixels that were positive for actin staining, which is indicative of the relative amount of actin fibers in the monolayer.
Since the fiber orientation analysis script can only analyze actin fiber orientation and not content, and the amount of actin fibers varied considerably between the MEFs used in this study, the characteristics of the intracellular actin fiber organization were qualitatively scored by six independent researchers. A minimum of 50 cells per group were blindly scored according to the following criteria: abundant aligned actin fibers, aligned actin fibers, little/no actin fibers, cortical actin fibers, disrupted actin fiber organization, and ungradable cells. Examples of these cells are shown in Fig. 2b-f .
After thresholding the DAPI images (40 per group), an ellipse was fit through each nucleus and the aspect ratio (major axis/ minor axis) and orientation of the major axis of the ellipse were determined. As for the actin fibers, an orientation distribution was determined (eqn (3)) containing the percentage of nuclei orientated at each angle. To compare the actin fiber and nuclear distributions between groups, an order parameter was calculated for both distributions. The order parameter S was calculated using:
with j i the actin fiber volume fraction or nuclear volume fraction per angle i. The values for S range from À1 to 1, with 1 representing perfect alignment parallel to the 01-axis of the fibronectin pattern, À1 representing perfect alignment perpendicular to the 01-axis of the fibronectin pattern, and 0 representing a random distribution.
Disruption of actin stress fibers
In order to investigate to what extent differences in actin stress fiber organization could be responsible for differences in contractile stress generation, actin stress fiber formation was inhibited using the actin polymerization inhibitor latrunculin B (LatB; Abcam). First, both Lmna +/+ and Lmna À/À MEFs were cultured on thin film constructs functionalized with parallel fibronectin lines according to the specifications described above. After two days of culture, samples were treated with 0.25 mM of LatB, and contractile stress measurement assays were performed. Pictures of the curvature were taken before the addition of LatB (0 min) and 5, 10 and 15 minutes after the addition of LatB. In-between time points, the samples were maintained at 37 1C and 5% CO 2 . Finally, the contractile stress was estimated as described above using the parameters described in Table 2 .
As for the previous experiment, the actin fiber orientation of the monolayer, intracellular actin fiber organization, and nuclear thickness were determined.
Statistical analysis
SPSS Statistics (IBM, Amsterdam, The Netherlands) was used to identify differences, which were considered significant at p o 0.05. Non-parametric tests were used to analyze the data to account for the non-normal distribution of the data. Differences in cell density between thin films that fall within and outside the measurement limits were analyzed using a student t-test. Differences in nuclear aspect ratio, percentages of pixels that are part of actin stress fibers, order parameter S, actin stress fiber organization, and s norm between the four different groups were analyzed with a Kruskal-Wallis test followed by a pairwise Wilcoxon rank sum test with Bonferroni corrected levels as post hoc test. Spearman's correlation coefficient (r) was determined to investigate correlations between cell density and s max for each experimental condition. Data described in the text are indicated as mean AE standard deviation.
Results
Anisotropy sensing is intact in both Lmna À/À and
In order to test the anisotropy sensing capabilities of Lmna
MEFs, they were seeded on parallel and perpendicular substrates. In case the MEFs were cultured on parallel substrates, both cell types aligned along the fibronectin lines (Fig. 2) . While both cell types showed a similar orientation, the peak of the orientation distribution of the Lmna +/+ MEFs was slightly shifted from 01 (81) and was wider (s in Table 1 ) than that of the Lmna
MEFs. This could be caused by the fact that Lmna +/+ MEFs are larger in size and can therefore spread on top of more fibronectin lines at a small angle ( Fig. 2f and h ). However, this did not lead to differences in the order parameter (S Z 0.63) of the actin and nuclear orientation of both cell-types ( Fig. 2i-k) , indicating that both cell types align in the direction of the fibronectin lines. When cultured on the perpendicular substrates, both wild-type and knockout MEFs adopted a random orientation ( Fig. 2e and g ; S ranging from À0.03 to 0.06). These data showed that there were no differences in the anisotropy sensing capabilities of both cell types. On both the parallel and perpendicular substrates, both cell types showed to be elongated as indicated by their elongated nuclei (nuclear aspect ratio: 1.6 AE 0.1 and 1.5 AE 0.1 for Lmna +/+ MEFs and 1.6 AE 0.1 and 1.7 AE 0.1 for Lmna À/À MEFs on the parallel and perpendicular substrates respectively).
Lmna knockout MEFs are less contractile compared to their wild-type counterparts
Stress generation was measured immediately after release of the thin film and one hour later when the contractile equilibrium 
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was reached. In case the contractile stress was too low to be measured due to lack of curvature, the stress of these samples was assumed to be 0 kPa (Fig. 3a, top) . The samples for which the finite element model could not reach the high curvature found in the experiments (Fig. 3a, bottom) were omitted from further stress analysis. Fig. 3b shows the percentages of samples within and above the measurement limit for each group and time point. Of each experimental group, the cell density of the thin films that fell above the measurement limit was significantly higher compared to the films that fell within the measurement limits, with an average difference of 93 cells per mm 2 for the Lmna +/+ MEFs (p o 0.01) and 151 cells per mm 2 for the Lmna À/À MEFs (p o 0.001). Of the samples that fell within the measurement limit, at both time points, the stress in the monolayer was generally highest for wild-type MEFs on parallel substrates and increased with increasing cell density ( Fig. 3c  and d ). For Lmna À/À MEFs on parallel substrates, s max also increased with increasing cell density. No strong relationship between s max and the cell density was found for both cell types on the perpendicular substrates. In case the monolayer stress was normalized for cell density (Fig. 4) Lmna knockout leads to an impaired actin fiber organization
To examine how the lower contractile stress generation of the Lmna knockout MEFs could be related to the actin stress fiber organization, the actin fiber organization of (individual) wildtype and knockout MEFs was investigated. The amount of actin fibers present in the monolayers (e.g. percentage of pixels with a high Frangi Vesselness) was highest in case of Lmna +/+ MEFs on parallel substrates (8.9 AE 0.8%) while it was marginally, though significantly, lower in Lmna À/À MEFs on parallel substrates (6.7 AE 0.4%). Likewise, on the perpendicular substrates, more pixels were detected as being part of a fiber for wild-type MEFs (6.6 AE 0.8%) compared to knockout MEFs (5.7 AE 0.3%).
As only marginal differences were found in the amount of actin fibers in the monolayer and because the fiber orientation analysis script cannot discriminate the actin fiber content of individual cells, the intracellular actin stress fiber organization was blindly scored by six independent researchers. On both perpendicular and parallel substrates, respectively, 34 AE 14% and 56 AE 9% of the Lmna +/+ MEFs had abundant aligned actin stress fibers, while in Lmna À/À MEFs this was only 5 AE 8%
(perpendicular) and 1 AE 2% (parallel) (Fig. 5) . In Lmna +/+ MEFs Fig. 3 Examples of films with wildtype MEFs on parallel substrates that fall within (a; top) and above (a; bottom) the measurement limit, including graphical representations of their projection length (white) and original length (black); scale bar is 1 mm. The top left film shows no curvature; therefore the stress is assumed to be zero. The top right film falls within the measurement range. The bottom two films fall above the measurement limit since they have too much curvature to reach convergence of the finite element model. Percentages of films that fall within and above the measurement limit (b). s max depicted against the cell density at 0 h (c) and 1 h (d), including the cell density of the films that fall above the measurement limit. Of the films that fall within the measurement range, n = 20-33 at 0 h (c) and n = 14-30 at 1 h (d). 13 AE 8% (perpendicular) and 9 AE 8% (parallel) of the cells had little/no actin fibers, compared to 54 AE 16% (perpendicular) and 61 AE 11% (parallel) in Lmna À/À MEFs (Fig. 5 ). For both Lmna À/À and Lmna +/+ MEFs, the differences in actin stress fiber organization were similar when the cells were cultured on the two different substrates. Thus, Lmna À/À MEFs had a significantly less organized actin stress fiber organization compared to Lmna +/+ MEFs.
Lmna knockout MEFs have less cytoskeletal components that are necessary for contractile stress generation
As stress fibers containing actin and phosphorylated myosin light chain II (hereafter referred to as pMyosin) are necessary for contractile stress generation, we qualitatively investigated these contractile components via immunofluorescent staining (Fig. 6) . In all groups, pMyosin was observed to co-localize with the actin fibers, indicating that Lmna À/À MEFs, like Lmna
MEFs, have the tools for generating contractile stress. However, in Lmna knockout MEFs the actin fibers were usually observed to be thinner and less prominent ( Fig. 6g and h ) than in the wildtype MEFs (Fig. 6e and f ) and the pMyosin staining followed this pattern ( Fig. 6i-l) . Next to that, pMyosin was found to be deposited in the perinuclear region in Lmna À/À MEFs, while actin was not observed there. Summarizing, Lmna knockout MEFs were observed to contain co-localizing actin and pMyosin, although in a lesser extent compared to wild-type MEFs.
In order to apply stress onto their surroundings, the stress fibers need to be coupled to the substrate via focal adhesions. a-Actinin 4 was used as a focal adhesion marker as it is found in mature focal adhesions 34 and acts as actin fiber cross linker. 35 In both Lmna +/+ and Lmna À/À MEFS, a-actinin 4 was observed to localize mainly at the end of the actin fibers, an indication of the presence of mature focal adhesions in both cell types (Fig. 7) . In general, cells with less prominent actin fibers (Fig. 7e-h ) showed less prominent a-actinin 4 staining (Fig. 7i-l) at the focal adhesion sites. Since the Lmna À/À MEFs did not show many prominent actin fibers, this led to small focal adhesions as show by the a-actinin 4 staining (Fig. 7k and l) . Next to this, a-actinin 4 was observed to extend from the focal adhesion sites into the direction of the actin fibers in Lmna +/+ MEFs (arrows in Fig. 7i and j) . In correspondence with the complete cell, the focal adhesions were observed to orient mainly in the direction of the parallel fibronectin lines, while they adopted a more random organization on the perpendicular substrate for both cell types. Taken together, Lmna À/À MEFs do form the focal adhesions that are necessary to be able to apply stress onto the surroundings. These focal adhesions, however, were less prominent compared to Lmna +/+ MEFs.
Disruption of the actin fiber organization of wild-type MEFs leads to a comparable stress generation as by Lmna À/À MEFs
In order to verify that the lower contractile stress generation of Lmna À/À MEFs is caused by their impaired actin fiber organization, LatB was added to the medium of both wild-type and knockout MEFs. Since LatB depletes the monomeric actin pool, a decrease in s norm over time was expected. Indeed, after the addition of LatB, a rapid decrease in s norm was found within 15 minutes for the Lmna +/+ MEFs, while the s norm of Lmna
À/À
MEFs stopped decreasing after 10 minutes (Fig. 8) . 
Discussion
In this work, using the thin film method, we quantitatively demonstrated a five times lower contractile stress generation in Lmna knockout fibroblasts as compared to their wild-type counterparts on both parallel and perpendicular substrates. This reduction was strongly associated with an impaired actin stress fiber organization. More specifically, we showed that Lmna À/À MEFs contained less well-organized actin stress fibers with less pMyosin co-localizing with the actin fibers and smaller focal adhesions compared to their wild-type counterparts. Even though the impaired actin stress fiber organization led to a decrease in contractility, the anisotropy sensing apparatus of Lmna À/À MEFs was not affected by the Lmna knockout as the cells were able to align along micro-contact printed fibronectin lines, which is in correspondence with previous studies. 16, 36 The fivefold lower contractile stress generation of Lmna À/À MEFs could be explained by their impaired actin stress fiber organization since a comparable reduction in contractile stress generation was found in experiments in which latrunculin B was used to disrupt the actin stress fiber organization of wild-type MEFs. These findings indicate that the impaired actin stress fiber organization of Lmna knockout MEFs can be directly responsible for their fivefold lower contractile stress generating capabilities compared to their wild-type counterparts. In our previous study, no difference in the amount of actin was found between Lmna À/À and Lmna +/+ MEFs. 16 In our present study, however, when actin stress fiber organization was taken into account, clear differences were found between the knockout and wild-type MEFs. The Lmna +/+ MEF monolayers consisted mainly of cells with aligned actin stress fibers, while the cells in the Lmna À/À MEF monolayers mainly had a poor actin stress fiber organization. This impaired actin stress fiber organization can directly explain the significantly lower contractile stress generation of the Lmna À/À MEFs. These results suggest that the organization of the contractile elements, rather than their presence is of importance for proper contractile functioning of the cell. Similar to the studies by Hale et al. 9 and Corne et al., 37 we observed smaller focal adhesions in Lmna knockout MEFs. In contrast, our recent publication by Tamiello et al. 16 did not observe a difference in focal adhesion size between the two cell types. In the latter study, however, the focal adhesion size was limited to the surface of the microposts on which the cells were cultured. This restricted the maximum focal adhesion size to the size of one micropost, which was the same for both cell types. 16 In the case of the present study and the studies by
Hale et al. 9 and Corne et al., 37 the focal adhesions could grow in size unrestrictedly. Remarkably, the LMNA knockdown human dermal fibroblasts (hDFs) used in the study by Corne and colleagues, 37 demonstrated to be more contractile compared to their counterparts treated with non-targeting control siRNA when measured using traction force microscopy (TFM). This difference in contractility between this study and the study by Corne et al. could be caused by the impaired stiffness sensing apparatus of the LMNA knockdown hDFs. Previously, it has been shown that laminopathic myoblasts plated on soft substrates (12 kPa) were highly spread with a similar actin fiber organization as on rigid (glass) substrates. 38 While the control myoblasts, like any other adherent cell, 39 did not spread on soft substrates. 38 Hence, we speculate that instead of examining the effect of LMNA knockdown on hDF contractility, the difference Corne and colleagues 37 found is actually a reduction of traction force of their control hDFs due to the low substrate stiffness (15 kPa) they used. Contrarily, a recent study by Booth-Gauthier et al. 40 did find similar impaired mechanical functioning of fibroblasts from a Hutchinson-Gilford progeria syndrome (HGPS) patient compared to our results. In that study, cellular traction stress was measured using TFM of HGPS fibroblasts and control parental fibroblasts. Average traction stress of control cells was 1.6 times higher than that of HGPS cells, and maximum traction stress was even 2.5 times higher. 40 This difference is smaller than the 5 times higher contractile stress of the Lmna they can adopt a more rounded morphology on the perpendicular substrates compared to the HVSCs, which are expected to be equally elongated on both substrate types since the HVSCs are fully differentiated adult cells. To confirm the relationship between the impaired actin fiber organization of the Lmna knockout MEFs and their lower contractile stress generation, the stress measurement experiments were repeated with wild-type and Lmna knockout MEFs of which the actin stress fiber network was disrupted by LatB. Both the LatB treated Lmna +/+ MEFs and the untreated Lmna MEFs had little effect on their defective contractile stress generation. In fact, the residual contractility that was found in Lmna
MEFs could be attributed to other cytoskeletal components such as vimentin. 43 Lanzicher et al. MEFs were altered 44, 45 due to impaired stress fiber organization but also the ability to exert contractile stress is affected by Lmna knockout. Next to disrupting the actin stress fiber organization, we also attempted to enhance the actin stress fiber contractility with the Rho activator LPA, in order to try to rescue the contractile stress generation capabilities of Lmna À/À MEFs. No increase in contractile stress generation was found after the addition of LPA (data not shown), likely due to the presence of serum in the culture medium. LPA is found in serum in an albumin-bound form 46 which can activate actin stress fiber formation before the addition of LPA itself. Most studies that investigated the effect of LPA on actin stress fiber formation therefore first serum starve the cells before addition of LPA. 47, 48 However, serum starvation also causes the existing actin stress fiber network to deplete which leads to a loss of the initial actin stress fiber organization that was intended to be enhanced. Therefore, this method was not suitable for enhancement of the actin stress fiber network in our experiments. Preferably, the actin fiber organization of individual cells would have been analyzed quantitatively. However, since most quantitative analysis tools can only analyze actin fiber orientation and not content, and the amount of actin fibers varied considerably between the MEFs used in this study, it was not possible to analyze the actin fiber organization quantitatively. Even though the qualitative scoring method certainly has its limitations, we considered this method to be superior to using a quantitative order parameter that only considers the orientation of actin fibers, to identify differences between the wild-type and Lmna knockout MEFs. In order to obtain the most reliable scoring of the data as possible, six researchers from within and outside the field blindly scored the actin fiber organization.
A limitation of the current study is that not all thin films that were created could be used for contractile stress analysis. On the parallel substrates, for example, 45% (0 h) and 75% (1 h) of the films with Lmna +/+ MEF monolayers fell above the measurement limit, while this was only 30% (0 h) and 36% (1 h) for the Lmna À/À MEFs. This limitation is due to the large deformations that the experimental films undergo that cannot be reached in the finite element model due to convergence issues. This is a limitation of the finite element model that we have used, as opposed to the analytical model that has been used previously. 49 However, the latter approach was not suitable in this study as active stress fiber contractility and stress fiber organization cannot be incorporated in an analytical model. Even though the use of the finite element model caused a loss of samples in the high stress range, we expect that this has no major consequences for the conclusions of this study. Specifically, we hypothesize that the excessive stress generation by a large part of the Lmna +/+ MEF monolayers was likely to be due to the presence of a higher cell density compared to the films that could be analyzed ( Fig. 3c and  d) . This assumption is supported by the significant difference in cell density between the samples that fall within and above the measurement limits together with the observation that the cell densities of the analyzed Lmna +/+ samples were generally lower than those of the analyzed Lmna À/À samples. Consequently, the analyzed set of Lmna +/+ samples is still likely to represent the relationship between monolayer contractility and cell density within the analyzed range of cell densities since the samples that could not be analyzed fall mostly out of that range. Even though we accounted for the differences in contractile stress generation between the different groups by adjusting the PDMS thickness used for each group, future studies should optimize the PDMS thickness even further or use a range of PDMS thicknesses for each group to create a wider range of contractile stress measurements. Lmna knockout not only affects actin stress fiber organization but also the organization of other cytoskeletal components like microtubules and vimentin. 11, 12 Even though actin stress fibers are one of the key players in contractile stress generation, vimentin [50] [51] [52] and microtubules 53, 54 are involved in stress generation as well. Future studies should point out whether changes in these cytoskeletal components affect contractile stress generation and to what extent.
Even though the effect of laminopathies on cell functioning is increasingly better understood, there is still a long way to go in grasping the diversity in pathology of laminopathic patients. The thin film method used in this study could be a useful tool in aiding to understand this diversity in pathology. As more and more different laminopathies are diagnosed through the aid of gene sequencing, also more and more different pathological effects on cell functionality emerge. By seeding patient fibroblasts (an easily obtained cell source) on the thin film constructs the effect of the divers LMNA mutations on mechanical functioning, in the form of contractile stress generation, could quantitatively be assessed.
Conclusion
In summary, we have shown that differences in contractile stress generation between Lmna À/À and wild-type fibroblasts can be readily quantified using the thin film method. Using this method we found a fivefold lower contractile stress generation by Lmna
À/À
MEFs compared to Lmna +/+ MEFs. The findings of this study further suggest that not the presence of actin stress fibers but rather their organization is of importance for proper mechanical functioning of fibroblasts. The impaired actin stress fiber organization of Lmna À/À MEFs can be directly responsible for their fivefold lower contractile stress generation. This was verified by the comparable contractile stress generation between Lmna knockout MEFs and wild-type MEFs of which the actin stress fiber organization was disrupted with the actin polymerization inhibitor latrunculin B. These data demonstrated the devastating effect of a disturbed stress fiber organization on the contractile stress generation of Lmna À/À fibroblasts and show that the thin film method could be a promising tool in quantitatively examining the effect of different LMNA mutations on cell contractility.
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